A parabolic trough solar collector is a dominant technology for high-temperature industrial applications, but efficient use of a conventional surface-based parabolic trough solar collector (SBPTSC) is limited by its high radiation loss due to the high surface temperature. Recently, direct-absorption parabolic trough solar collector (DAPTSC) using nanofluids has been proposed, and its thermal efficiency has been reported to be 5-10% higher than the conventional SBPTSC for inlet temperature up to 250
Introduction
Solar energy is a promising renewable energy in both aspects of sustaining the economic growth and reducing pollutants caused by energy consumption. Among the several available technologies for solar energy harvesting, the concentrated solar power (CSP) is an emerging and significant technology with the advantages, such as built-in storage capability and low green house gas emissions [1] . The parabolic trough solar collector is a dominant CSP technology among the medium-high-temperature solar collectors working for the operating temperature up to 800 K [2] . In the parabolic trough solar collector, a mirror or a reflector with parabola shape concentrates the solar radiation to its focal line where a tubular receiver containing working fluid is mounted to generate high-temperature heat. So far, the receiver is usually composed of a coated metal absorber (e.g., black chrome coating) and a glass envelope, and the annulus between them is evacuated to suppress the convection heat loss. The desirable absorber surface should have high absorptivity in the solar spectrum but low emissivity in the mid-infrared spectrum to minimize the radiation loss. The major disadvantages of the surface-based parabolic trough solar collector (SBPTSC) are the low thermal efficiency at high temperature [3] and the instability of selective coating at high temperatures [4] . To remedy those issues associated with the SBPTSC, a direct-absorption parabolic trough solar collector (DAPTSC) using nanofluids has been proposed recently, and its thermal efficiency has been found 5-10% higher than the SBPTSC [5] . Therefore, the DAPTSC can be an efficient alternative for harvesting solar energy at high temperature.
Nanofluids is a dispersion of nanoparticles in a base fluid, such as water or oil [6] . Due to the capability of nanoparticles that can directly interact with the solar radiation, nanofluids can absorb the solar radiation uniformly inside. As a result, the temperature distribution inside the solar collector becomes relatively uniform, leading to less heat loss from the collector surface and improved thermal efficiency [6, 7] . Nanofluids has been studied intensively for direct absorption solar collectors (DASCs) in low-temperature applications [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In addition, the optical property of various nanofluids have also been studied intensively to improve its photothermal conversion efficiency [19] [20] [21] [22] [23] [24] .
On the basis of the study on DASCs using nanofluids, a direct-absorption parabolic trough solar collector (DAPTSC) for high temperature applications has been studied recently. Khullar et al. [5] first proposed the idea of utilizing aluminum nanofluids with a volume fraction of 5% for concentrating solar collector, and their DAPTSC was reported to have about 5-10% higher thermal efficiency than the conventional SBPTSC. Later, several numerical works have been performed to investigate the effect of nanofluid concentrations, mass flow rate and inlet temperature for the DAPTSC [4, [25] [26] [27] . However, all these studies employed the transparent glass inner tube; thus, the sun rays can only travel once through the nanofluids after entering the inner tube. Consequently, the optical path length for sun rays is limited by the inner diameter of the inner tube of the receiver, which in turn requires high value of the absorption coefficient of nanofluids to gain sufficiently high energy absorption [14] . As low absorption coefficient indicates low particle concentration [28] , which is beneficial for avoiding particle agglomeration, a DAPTSC should be designed to have a larger diameter of inner tube to reduce the particle concentration of nanofluids. Besides, all these studies considered nanofluids with a spectrally varying absorption coefficient simply depending on nanoparticle material (i.e., uncontrolled manner). However, Qin et al. [17] recently showed that the blended plasmonic nanofluid with either a uniform absorption coefficient (when the nanoparticle concentration is sufficiently high) or a spectrally varying absorption coefficient following the shape of solar spectrum (when the nanoparticle concentration is below a certain value) is more beneficial for broadband solar energy absorption. In addition, a uniform solar irradiance is assumed in recent works [3, 5, 29] , which is not practical in case of parabolic trough solar collectors where the solar radiation is highly dependent on the angular direction of the receiver. Lastly, in Refs. [5, 26] , the radiation from the inner tube surface is assumed to be dissipated to the environment directly, but this assumption is not valid because the glass envelope is not transparent to the long-wavelength thermal emission in the mid-infrared spectral region [30] .
The present work carries out the performance analysis of a new type of direct-absorption parabolic trough solar collector. Inspired by the flat-plate DASCs where a mirror is employed at the bottom of the channel to enhance the optical path length of sun rays inside the collector [9, 31] , we propose to apply a highly reflective metallic coating on the upper half of the inner tube outer surface such that the optical path length for the concentrated rays can be doubled due to the reflection. It is worth mention that the radiation heat loss from the inner tube outer surface can also be reduced greatly due to the low emissivity of a metallic coating compared to that of bare glass. Besides, the blended plasmonic nanofluid with uniform absorption coefficient will be applied to have broadband absorption of solar energy. In addition, the ray tracing method will also be employed in this study to obtain the nonuniform solar irradiance on the inner tube so that the corresponding nonuniform heat generation by the blended plasmonic nanofluid can be obtained.
Theoretical model of a direct-absorption parabolic trough solar collector
In order to simulate the DAPTSC, two models were developed in COMSOL Multiphysics R . First, a two-dimension (2-D) optical model was built to simulate the solar incidence on the collector based on the ray tracing method as well as the corresponding heat source generation based on the Beer-Lambert law. The schematic of the 2-D model is shown in Fig. 1 with geometrical sizes annotated. Sizes of the parabola and the receiver are chosen according to the commercialized LS-3 trough and the LS-3 receiver, respectively [32] , and its geometrical concentration ratio is W/D ≈ 82.3. In this study, only the normally incident solar radiation is considered for simplicity. The parabolic trough solar collector system consists of a receiver part (two concentric glass tubes, i.e., an inner glass tube and an outer glass envelope) and one aluminum parabola with a high reflectivity of 0.94 [3, 32] . The parabola is used to reflect and concentrate the incident sun rays to the receiver tubes. The glass envelope is transparent in the solar spectrum with the transmittance of τ gla = 0.94 [3, 5, 32] but has emissivity of ǫ gla = 0.86 in the mid-infrared spectral region [3, 33] . The property of the inner tube is the same with the envelope glass, except that a highly reflective metallic coating is applied on its upper half of the outer surface in order to double the optical path length of the concentrated rays. Notice that among all the rays incident onto the coated DAPTSC, only a small portion (D/W ≈ 1.2%) are blocked by the metallic coating on the outer surface of the inner tube while most other rays are intercepted by the parabola reflector and then concentrated to the receiver. Therefore, compared to the transparent DAPTSC, about 1.2% of the solar radiation is blocked in order to gain the doubled optical path length in the coated DAPTSC. Another advantage of the reflective coating is that due to the metal's much lower infrared emissivity than that of glass [30] , it can significantly reduce the radiation loss from the inner tube outer surface.
In the evaluation of the extinction of the incident rays, the scattering effect is ignored by assuming the small size of suspended nanoparticles, usually several tens of nanometers, as also done in other studies related to DASC with nanofluids [6, 7, 10, 12, 19, 34] . In the current study, the absorption coefficient α of the blended plasmonic nanofluid is assumed to be constant in the solar spectrum for achieving broadband solar energy absorption. This assumption is valid when nanoparticles with different absorption peaks are well mixed together [14, 15] . Note also that the magnitude of α is approximately proportional to the concentration of the nanoparticles and thus, can be tuned by varying the nanoparticle concentration [9, 17] . Therefore, the spectral uniformity and the magnitude of the absorption coefficient of nanofluid can be individually tuned.
The solar irradiance reaching the inner tube surface is numerically calculated from the 2-D optical model using the ray tracing method. The attenuation of the solar radiation in the working fluid is taken into consideration according to the Beer-Lamber law, resulting in the locally varying volumetric heat generation, Q gen (r, φ). The solar weighted absorption coefficient, A m , can be estimated from
where G T is the solar irradiance assumed as 992 W/m 2 .
In the 3-D thermal model, the fluid flow and heat transfer are coupled in the inner tube region. The thermophysical property of the nanofluids are taken the same as the base fluids, i.e., Therminol VP-1 [35] , because the nanoparticle concentrations is far below 1% in volume fraction, as was also done in other related works [4, 5, 27, 36, 37] . The flow rate in this study is around 0.1 kg/s and the corresponding Reynold number is above Re D = 2300; thus, the flow is in the turbulent regime and the standard k − ε model was applied with corresponding parameters C µ = 0.09, c ε1 = 1.44, c ε2 = 1.92, σ k = 1 and σ ε = 1.3 [38] . The wall function method was used in the vicinity of the solid wall because the viscosity effects predominate over the the turbulent effects [38] . For thermal analysis, the following energy equation was solved [39] :
where the subscript 'i' represents the coordinate x, y or z, and u i and x i indicates the velocity and dimension in the corresponding directions respectively. In the above equation, ρ is the fluid density, k is the fluid thermal conductivity, k t is the turbulent thermal conductivity defined as µ t C p /P r t with turbulent viscosity µ t from the turbulent flow model and turbulent Prandtl number from the Kays-Crawford model [40] , andQ gen is transformed to the Cartesian coordinate. The boundary conditions are:
where T 0 is the inlet temperature and L is the length of the receiver tube. And
where the subscripts 'ei' denotes the envelope inner surface, 'to, u' and 'to, l' denotes the upper half and lower half of the inner tube outer surface, respectively. In the above equation, the surface emissivity values are ǫ ro,u = 0.1, ǫ ro,l = 0.86 and ǫ ei = 0.86,T ei denotes the average of the envelope inner surface temperature, and h in is the convective heat transfer coefficient in the evacuated annulus which is assumed to be h in = 0.000174 W/m 2 -K [41] . The radiation term in Eq. (4) is derived based on the radiation network approach [30] assuming that the whole inner tube surface is at its average temperature. It is also recognized that for using the radiation network approach, the surface is assumed as diffusive and gray. Even though the glass surface is not real diffusive, it is an easy and good approximation by assuming diffusive as also done in other studies [1, 42] .
Note that some previous works [5, 26] assumed that the radiation heat loss from the inner tube is dissipated directly to the environment through the glass envelope. Unfortunately, this simple assumption is not valid because that glass envelope is not transparent to the infrared thermal radiation [30] . In the current study, the heat loss from the inner tube is treated to be transferred to the envelope inner surface first and then this heat dissipates to the ambient via heat convection as well as to the space via thermal radiation. In order to obtainT ei , the energy balance equation is applied again to the glass envelope; that is, the heat transfer from the outer surface of the inner tube to the inner surface of the envelope should be the same as the heat transfer from the outer surface of the envelope to the surroundings:
where the subscripts 'eo' denotes the envelope outer surface andT to is the average of inner tube outer surface temperature, h out is natural heat transfer coefficient at the glass envelope outer surface which is estimated as 10 W/m 2 -K [43] . T a is ambient temperature with 293.15 K and T sky is sky temperature assumed as 278 K [44] . Note that in Eq. (5) the term ( Dei Dto ) and ( Deo Dei ) are used to guarantee the heat flux balance. Finally, the collector thermal efficiency is defined as [45] :
whereṁ is the flow rate,T out is the average temperature at the outlet, and c p is the heat capacity at the average temperature, i.e., T m = (T 0 +T out )/2. In addition, the temperature gain of the working fluid through the collector is estimated from ∆T =T out − T 0 .
In order to validate the thermal modeling, the calculation results of the SBPTSC are compared to the experimental results from Sandia National Laboratory [46] and the predicted results by Xu et al. [42] for several selected cases, using the same parameters for configuration (LS-2 trough and collector) and the same base fluids (Syltherm 800). Note that in case of the SBPTSC, the inner tube outer surface absorbs the solar radiation directly, and thus, the surface heat source term is obtained from the 2-D optical model and is directly assigned to the 3-D thermal model. The test results are listed in Table 1 . It is seen that the current The reason that the current thermal efficiency is slightly higher than the experimental data is probably because the current model did not account for the heat loss through the brackets and tube ends. Because the relative difference of the current results with the experimental data and other numerical results are within 5%, the current thermal model can be considered to be reliable.
In this study, the other four collectors, including the coated DAPTSC without a glass envelope, the transparent DAPTSC, the transparent DAPTSC without a glass envelope, and the conventional SBPTSC with black chrome coating, are investigated and compared with each others (refer to Fig. 2 ). Because their modeling approach are generally similar with that for the coated DAPTSC, only the difference are briefly described as below. For the transparent DAPTSC, the only difference is that the the term Fig. 2(a) ] while no such a coating exists for the transparent DAPTSC [see Fig. 2(c) ]. The inlet temperature T 0 is set to be 550 K, which is a typical working temperature for parabolic trough solar collector [4, 5] , the flow rateṁ is chosen as 0.1 kg/s, which is comparable to other studies [33, 37] , the inner tube inner diameter D is chosen as 7 cm (according to the LS-3 receiver), and the collector length L is chosen as 5 m for all the evaluation.
It can be seen from Similarly, the collector thermal efficiency η also increases with the increase of α at first and then starts to decrease when exceeding certain α value [e.g, about 0.4 cm −1 for the coated DAPTSC or about 0.8 cm
for transparent DAPTSC; refer to Fig. 3(a) ]. The reason is that, at lower value of α, the increase of α causes more solar energy to be absorbed in the nanofluid as represented by A m in Fig. 3(a) . However, when α > 0.4 cm −1 for the coated DAPTSC or α > 0.8 cm −1 for the transparent DAPTSC, the contribution by increasing α to A m becomes limited while the heat loss keeps increasing, as shown in Fig. 3(c) . Here, Q loss is defined as the total heat loss (i.e., both heat convection and thermal radiation from the envelope outer surface) divided by the interception area of the parabola (i.e., W × L). The increased heat loss to the surrounding eventually leads to the decrease in the collector efficiency at those conditions.
It can be also seen from Fig. 3(a) that at the same absorption coefficient α, the coated DAPTSC performs better than the transparent DAPTSC, especially for lower values of α region. At α = 0.2 cm −1 , for instance, A m and η of the coated DAPTSC are much higher than those for the transparent DAPTSC. In 
Effects of the inner diameter of the inner tube
In this section, effects of the inner diameter of the inner tube, D, is investigated, and comparisons are made for the coated DAPTSC, the transparent DAPTSC and the SBPTSC with black chrome coating, all with a glass envelope. For fair comparison, we set αD to be constant for different values of D for nanofluidbased DAPTSCs. Here, when D is varied, the envelope diameter also changes accordingly to make the annulus spacing unchanged. the SBPTSC, respectively) as well as increasing heat loss. Besides, the decrease rate of η for DAPTSCs is much slower than the SBPTSC owing to their much lower heat loss than the SBPTSC, which arises from the fact that the inner tube surface temperature of the SBPTSC is much higher than the nanofluid-based DAPTSCs (not shown here). Figure 4 (a) suggests that the DAPTSCs are more suitable for collectors with large diameter than the SBPTSC. For instance, the coated DAPTSC performs better than the SBPTSC when D > 7 cm. It should also be noted that for the given level of αD value, the DAPTSCs require smaller α (i.e., lower particle concentrations) with increasing D, which is beneficial for avoiding particle agglomeration and maintaining stable collector performance. Because α is inversely proportional to D when αD = const, | dα dD | becomes lager when D is smaller. In principle, larger η and smaller α are desirable; thus, there exists an optimal value of D where the DAPTSCs can gain a reasonably high η at a sufficiently low α for stable operation. For instance, the coated DAPTSC with α = 0.39 cm −1 in Fig. 4 (a) has η = 0.538, which is more advantageous than the one obtaining slightly higher η = 0.543 but with much higher value α = 0.5 cm Fig. 4(c) , the corresponding heat loss is about 56 W/m 2 in Fig. 4 (b) and much less than 102 W/m 2 in Fig. 4(d) . Therefore, to obtain the same η (or similar level of performance) with nanofluid of the same α, there could be multiple possible D values to choose.
Effects of the flow rate
The effect of flow rate on the collector performance is investigated here in the range from 0.02 to 0.3 kg/s with the corresponding Re D = 600 ∼ 9000. Performance of three collectors including the coated DAPTSC, the transparent DAPTSC and the SBPTSC are compared in Fig. 5 . It can be seen from Fig. 5 (a) that as the flow rateṁ increases, the collector thermal efficiency η increases but its increasing rate slows down gradually. This can be explained based on the following two perspectives.
First, recall that η is determined by Eq. (6) and any change in η is due to the variation of the three parameters, i.e.,ṁ, ∆T (orT out − T 0 ) and c p . With the increase ofṁ, ∆T first decreases significantly and then the decrease rate becomes slower, as shown in Fig. 5(b) . In addition, c p also decreases with slower decreasing rate asṁ increases because it has approximately linear relation with the average temperature T m (i.e., The second perspective for explaining the change of η withṁ is through the energy balance analysis.
Sinceṁ does not affect A m , the solar energy absorbed in each collector is independent ofṁ. As a result, the change of η depends mainly on the change of heat loss Q loss ; that is, the higher Q loss is, the lower η will be. This is easily recognized in Figs. 5(a) and 5(d). Furthermore, the effect ofṁ on Q loss can be understood as follows. At very low values ofṁ, the plasmonic nanofluid spends much time in the receiver tube; thus, higher ∆T can be gained as in Fig. 5(b) . The higher ∆T in turn leads to the higher temperature on the receiver surface and consequently more Q loss . Whenṁ increases, the corresponding ∆T decreases, and so does the Q loss . The trend of Q loss is actually very similar to that of ∆T for the SBPTSC. While for the DAPTSCs, Q loss is much lower than that of the SBPTSC as the temperature on the inner tube surface is much lower than that of the SBPTSC owing to the volumetric absorption of the solar radiation.
It is also noted that η of the DAPTSCs is higher than the SBPTSC untilṁ = 0.1 kg/s for the transparent DAPTSC and untilṁ = 0.16 kg/s for the coated DAPTSC. This is because whenṁ > 0.2 kg/s, the temperature gain ∆T for all the collectors are as low as about 34 K, leading to much less heat loss, especially for the SBPTSC. On the other hand, A m for the SBPTSC is 0.849; that is, much higher than 0.783 and 0.770 for the coated and transparent DAPTSC, respectively. Therefore, the SBPTSC gradually surpasses the transparent and coated DAPTSCs. Hence, the DAPTSCs are more desirable for low flow rate operation conditions (e.g.,ṁ < 0.16 kg/s for the coated DAPTSC) while the SBPTSC works better for higher flow rate conditions (e.g.,ṁ > 0.18 kg/s).
Effects of the inlet temperature
In this section, effects of the inlet temperature on the thermal efficiency of five PTSCs (refer to Fig.   2 ) are studied and compared. The effect of the outer glass envelope for preventing the convection heat loss is also investigated for the two DAPTSCs (i.e., coated and transparent DAPTSCs). Note that the outer glass envelope is necessary for the SBPTSC for fair comparison due to its high surface temperature and thus high heat loss. First of all, it is seen from Fig. 6 (a) that the collector thermal efficiency η of all configurations decreases with increasing inlet temperature due to the increasing heat loss [see Fig. 6(b) ].
Secondly, Fig. 6 (a) also suggests that the best-performance configuration among the five collectors largely depends on the inlet temperature T 0 . When T 0 = 350 K, for instance, the η for the DAPTSCs are higher than the SBPTSC due to the high heat loss of the SBPTSC. Interestingly, the DAPTSCs without the glass envelop performs better than the corresponding DAPTSCs with the glass envelope. This indicates that the DAPTSCs without the glass envelope become more advantageous than the DAPTSCs with the glass envelope at low temperature owing to their higher A m . In other words, at lower temperature applications, improving the solar weighted absorption coefficient by removing the glass envelope (∵ τ gla = 0.94 < 1.0) is more crucial than decreasing the convection heat loss. When T 0 > 500 K, however, the DAPTSCs with the glass envelope outperform the corresponding DAPTSC without the glass envelope. It is also confirmed again that the coated DAPTSCs are better than the transparent DAPTSC both with or without the envelope because the metallic coating doubles the optical path length and reduces the emissivity. As to the SBPTSC, its η is lower than the nanofluid-based DAPTSCs at low temperature, but surpasses the configurations of coated DAPTSC performs better than the SBPTSC until up to T 0 = 750 K mainly owing to the lower temperature on the inner tube surface than that of the SBPTSC.
Conclusion
In the present study, a partially coated direct-absorption parabolic trough solar collector utilizing the blended plasmonic nanofluid with uniform absorption coefficient has been proposed and investigated. In the proposed coated DAPTSC, the upper half of the inner tube's outer surface is coated by a reflective metallic layer so that the optical path length of the concentrated sun rays can be doubled as well as its infrared emissivity can be reduced significantly. Key factors influencing the collector performance have also been investigated. The following conclusions have been drawn.
• For a given inner tube's diameter of D = 7 cm, the absorption coefficient of the blended plasmonic nanofluid directly affects the thermal performance of DAPTSCs, and higher α leads to higher η until a certain value (i.e., α = 0.4 cm −1 for the coated DAPTSC and α = 0.8 cm −1 for the transparent DAPTSC). The proposed coated DAPTSC was found to be advantageous as compared to the transparent DAPTSC, especially at low α values (e.g., α < 0.5 cm −1 ). Therefore, to achieve the same level of η, the coated DAPTSC requires less nanoparticle concentration, which is beneficial for stable operation.
• The collector thermal efficiency was found to be decreasing with increasing the diameter of the inner tube. We showed that there exists an optimal diameter D for the DAPTSCs at which a reasonably high η can be obtained with relatively low α if αD is fixed.
• The DAPTSCs (both coated and transparent) were found to be more desirable whenṁ ≤ 0.1 kg/s, while the SBPTSC works better for the higher flow rate (e.g.,ṁ > 0.18 kg/s). This is because wheṅ m > 0.2 kg/s, the temperature gain ∆T for all the collectors are as low as about 34 K, resulting in much less heat loss, especially for the SBPTSC.
• The DAPTSCs (both coated and transparent) with the glass envelope outperform the corresponding DAPTSC without the glass envelope until up to T 0 = 500 K for the transparent DAPTSC and up to T 0 = 550 K for the coated DAPTSC. It was found that for the low-temperature inlet conditions (e.g., 350 < T 0 < 430 K), the transparent DAPTSC without the glass envelope is the best configuration.
On the other hand, the coated DAPTSC with the glass envelope performs better than the SBPTSC until up to T 0 = 750 K.
The results obtained in this work will facilitate the use of nanofluids in a parabolic trough solar collector with more stability and provide a guide for choosing suitable type of parabolic trough solar collectors for specific working conditions.
